Groundwater is not a sustainable resource, unless abstraction is balanced by recharge. Identifying the sources of recharge in a groundwater basin is critical for sustainable groundwater management. We studied the importance of river water recharge to groundwater in the south-eastern San Joaquin Valley (24,000 km 2 , population 4 million). We combined dissolved noble gas concentrations, stable isotopes, tritium, and carbon-14 analyses to analyse the sources, mechanisms, and timescales of groundwater recharge. Area-representative groundwater sampling and numerical model input data enabled a stable isotope mass balance and quantitative estimates of river and local recharge. River recharge, identified by a lighter stable isotope signature, represents 47 ± 4% of modern groundwater in the San Joaquin Valley (recharged after 1950) but only 26 ± 4% of premodern groundwater (recharged before 1950). This implies that the importance of river water recharge in the San Joaquin valley has nearly doubled and is likely the result of a 40% increase in total recharge, caused by river water irrigation return flows and increased stream depletion and river recharge due to groundwater pumping. Compared with the large and longduration capacity for water storage in the subsurface, storage of water in rivers is limited in time and volume, as evidenced by cold river recharge temperatures resulting from fast infiltration and recharge. Groundwater banking of seasonal surface water flows and expansion of managed aquifer recharge practices therefore appear to be a natural and promising method for increasing the resilience of the San Joaquin Valley water supply system.
| INTRODUCTION
Globally, 43% of the demand for irrigation water is met by groundwater, leading to groundwater exploitation at rates above groundwater recharge (Siebert et al., 2010) . In the United States, the demand for fresh water, 1.2 billion cubic metres for domestic use, agriculture, industry, and energy production combined in 2010 (Maupin et al., 2014) , is met by withdrawals from groundwater (25%) and surface water (75%). California relies on groundwater for 38% of its fresh water demands during average precipitation years (http://www.water.ca. gov/groundwater/). Local precipitation and groundwater recharge fall short of groundwater pumping in many areas, and overdraft of groundwater resources has led to declining groundwater levels and land subsidence (Faunt, Sneed, Traum, & Brandt, 2016) . Managed aquifer recharge is deployed to counteract water level declines in parts of the San Joaquin Valley, particularly along the Kern and Kings River systems (Gamon, Zilles, & Schumann, 2016) . Surface water satisfies the remaining 60% of water demand. In California, where the source of most major stream flows is snowmelt from the Sierra Nevada, the availability of surface water during the growing season is limited, despite an extensive and complex system of dams, aqueducts, and reservoirs.
Anthropogenic warming has increased the probability of the co-occurring temperature and precipitation conditions that have historically led to drought in California (Diffenbaugh, Swain, & Touma, 2015) and exacerbated Sierra Nevada snowpack loss significantly during the 2012-2015 drought (Berg & Hall, 2017) . Higher future temperatures will exacerbate the summer dry season and droughts, and reliance on groundwater will increase (Meixner et al., 2016) .
Groundwater levels in the Central Valley have tended to decline in response to drought conditions (Wang, Yen-Heng, Robert, & Kirsti, 2016) and are expected to decline more severely under future climate (Hanson et al., 2012) .
The California Central Valley has a Mediterranean climate, and about 85% of the precipitation falls from November to April. The rivers that drain the Sierra Nevada mountains to the west have naturally resulted in recharge of Central Valley groundwater reservoirs by river water during spring and summer snowmelt. This natural connection between the surface water and groundwater systems is intensified by anthropogenic alteration of the water system, such as surface water diversions, groundwater pumping, surface water irrigation, and artificial recharge, impacting the natural hydrological system in a number of ways. The immediate effect of surface water diversions on downstream users and habitats is clearly understood, whereas the impact of reduced surface water recharge (due to reduced direct river recharge and reduced seasonal flooding) on groundwater resources is extremely difficult to quantify. If focused recharge along the river bank is diverted for irrigation, this will lead to increased areal recharge away from the river. The net effect depends on irrigation efficiency and changes in evapotranspiration rates.
Water table decline due to groundwater pumping can create or enhance the conditions for surface water recharge to groundwater systems. The indirect effects of decreased surface water flow by groundwater pumping induced recharge are also difficult to quantify.
Evaluating the sustainability of meeting the demand for water from groundwater resources requires a detailed understanding of groundwater recharge sources and processes. A predevelopment water budget for the entire Central Valley (Faunt, 2009 ) estimated an annual recharge of 1.8 km 3 from precipitation (75%) and 0.6 km 3 from river recharge (25%). The average water budget years 1962-2003 of the Central Valley groundwater model included 3.2 km 3 (20%) river recharge and 13.2 km 3 (80%) recharge from surface processes including irrigation return flow and diffuse recharge of precipitation. Diffuse recharge of precipitation in the basin has been estimated at 11% (Meixner et al., 2016) . Neither estimate directly quantifies the importance of river water as a source of recharge to the groundwater system.
Observable geochemical and isotopic markers add important information to model results regarding sources and mechanisms of recharge and can be used by water managers to assess sustainability.
The physiographic gradients across California result in distinct noble gas and isotopic signatures that are excellent tools to trace the source, mechanism, and timescale of recharge. We studied the importance of river water recharge to groundwater in the south-eastern San Joaquin
Valley (24,000 km 2 , population 4 million). (Figure 1 ). Under predevelopment conditions, these rivers fed a widespread wetland and lake (Moore, Winckel, Detwiler, Klasing, & Gaul, 1990) . At present, all rivers are dammed, and discharge is diverted for agricultural irrigation and public water supply.
Annual volumetric river inputs into the study area domain were estimated by Faunt (2009 
| Noble gases
The concentrations of dissolved noble gases, referenced against well established solubility versus temperature curves, provide a robust estimate of the temperature at which recharge took place. Recharging groundwater typically equilibrates at the mean annual air temperature within the vadose zone (Cey, Hudson, Moran, & Scanlon, 2009 ). Recharge temperatures are known to vary considerably in mountainous regions (Manning & Solomon, 2003; Segal, Moran, Visser, Singleton, & Esser, 2014; Singleton & Moran, 2010) but are expected to reflect the mean annual air temperature, although a number of studies have found differences between mean annual air temperatures and noble gas recharge temperatures (Cey, Hudson, Moran, & Scanlon, 2008; Cey et al., 2009; Hall, Castro, Lohmann, & Ma, 2005; Manning, Mills, Morrison, & Ball, 2015) .
Groundwater recharged during the cooler Pleistocene epoch is identified and typified by a difference of about 5°C (Aeschbach-Hertig, Stute, Clark, Reuter, & Schlosser, 2002; Andrews & Lee, 1979; Clark, Stute, Schlosser, Drenkard, & Bonani, 1997; Stute, Schlosser, Clark, & Broecker, 1992; Stute et al., 1995) . Excess air is a proxy for water table fluctuations during recharge (Ingram, Hiscock, & Dennis, 2007) . In addition, managed aquifer recharge operations leave a distinguishable fingerprint in dissolved noble gas concentrations (Cey et al., 2008 ) with a larger excess air component.
Groundwater recharge temperatures and excess air concentrations were derived from the dissolved concentrations of all atmospheric noble gases (He, Ne, Ar, Kr, and Xe) using the unfractionated air (UA) model (Visser et al., 2016a) . Excess air is expressed as ΔNe, defined as
where Ne samples and Ne equilibrium are the concentrations of neon in the sample and in equilibrium with the atmosphere at the elevation and estimated recharge temperature, respectively.
The ranges of phreatic water table fluctuations under which groundwater had recharged were derived from the excess air concentrations under the assumption of complete bubble dissolution as the formation mechanism for excess air. The depth of the water above the trapped bubbles (D w ) that act to dissolve the trapped gas is (Ingram et al., 2007 )
where P is the atmospheric pressure, e is the saturation water vapour pressure, ρ is the density of water, and g is the gravitational acceleration.
The parameter q is the total pressure required to dissolve the trapped gas and can be calculated from the excess air concentration:
where x i is the fraction of gas i in the atmosphere, A e is the concentration of dry air initially trapped in the saturated zone (A e = ΔNe/100% × Ne equilibrium /x Ne ), and C eq,i is the equilibrium concentration of gas i (C eq,Ne = Ne equilibrium ). For example, at 20°C, ΔNe = 100% corresponds to water table fluctuations of 5.9 m. have shown that groundwater recharge ratios (recharge/precipitation) are higher in winter in arid and temperate climates (Jasechko et al., 2014) whereas tropical groundwater recharge is dominated by wet season and intensive rainfall (Scott & Richard, 2015) . Fractionation of stable isotopes of the water molecule is dependent upon the temperature of condensation (Dansgaard, 1964 
| Stable isotopes
Isotopically lighter δ
18
O and δ 2 H signatures (depleted in the heavier isotopes) are observed for water that precipitates at lower temperature. In California, mean annual air temperature and stable isotope ratios are strongly affected by the physiographic gradient from the Pacific Ocean maritime climate (relatively warm and constant temperatures) to the Sierra Nevada (cold temperatures with wider fluctuations). The "continental effect," whereby water vapour becomes isotopically lighter as it moves inland because the heavier isotope rains out, also controls the stable isotope pattern in precipitation in California (Ingraham & Taylor, 1991) .
| Data sources
The groundwater data for this study were collected within the framework of a number of studies funded by Lawrence Livermore National Laboratory (LLNL; n = 54; Esser et al., 2006) or the State Water Boards GAMA programme, including California Aquifer Susceptibility (n = 130) assessment studies (Moran, Hudson, Eaton, & Leif, 2004; Wright, Belitz, & Johnson, 2004) , GAMA Special Studies (Esser et al., 2009; Singleton, Roberts, & Esser, 2010; Visser, Moran, Singleton, & Esser, 2016b) , and GAMA Priority Basin project studies (n = 242) (Belitz et al., 2010; Burton & Belitz, 2008; Landon & Belitz, 2008; Shelton, Pimentel, Fram, & Belitz, 2008; Shelton, Fram, & Belitz, 2009 ). Samples were collected by LLNL or United States Geological Survey (USGS) staff and analysed for dissolved noble gas concentrations at LLNL (Ekwurzel, 2004; Visser et al., 2013) . Noble gas derived parameters (excess air and recharge temperature) were based on the UA model (Visser et al., 2016a) . Samples were analysed for tritium at LLNL (Clarke, Jenkins, & Top, 1976; Surano et al., 1992 ) and the USGS (Thatcher, Janzer, & Edwards, 1977) and for stable isotopes by LLNL or the USGS (Kendall & Coplen, 2001) . A subset of samples were analysed for carbon-14 by the USGS (Vogel, 1967) . Calculated 14 C ages in this study are referred to as "uncorrected" because they have not been adjusted to consider exchanges with sedimentary sources of carbon (Fontes & Garnier, 1979) . Mapping noble gas and stable isotope patterns from the GAMA data set (Visser et al., 2016a ) allows identification of non-naturally recharged groundwater (i.e., groundwater recharged from agricultural irrigation or from managed aquifer recharge), on the basin scale (Cey et al., 2008) . Stable isotope signatures of sources of recharge were compiled from a number of publications (Coplen & Kendall, 2000; Ingraham & Taylor, 1986 , 1989 , 1991 Kendall & Coplen, 2001; Lechler & Niemi, 2012) to establish the local precipitation endmember and "lapse rate" (change in stable isotope signature with elevation). Ingraham and Taylor (1991) studied the stable isotope composition of water across three longitudinal transects across California. The southernmost transect crosses this study area, from which two irrigation wells and five surface water samples were included in this study. A larger set (n = 51) of stream water samples (Lechler & Niemi, 2012) were collected in the Tule and
Kings River basins at elevations above 1,000 m above mean sea level. A set of shallow domestic well samples were collected in the foothills of Tulare County . Quarterly samples are available for three major Sierra Nevada rivers (Merced, Kings, and Kern) from the Global
Network of Isotopes in Rivers collected and analysed between 1984 and
1987 by the USGS (Coplen & Kendall, 2000; Kendall & Coplen, 2001 ).
Additional samples are available for Tuolumne, Stanislaus, San Joaquin
Rivers (Harms, Visser, Moran, & Esser, 2016) , and for the North and South
Fork of the Kern River (Lechler & Niemi, 2012) . The San Joaquin River was sampled 14 times between 1984 and 1987 at Vernalis, at the northern edge of the study area, downstream from all of the rivers in the study area, except the Stanislaus (Coplen & Kendall, 2000; Kendall & Coplen, 2001 ).
| Analysis
Four sources of water, distributed naturally or applied as irrigation, contribute to recharge in the San Joaquin Valley: Local Precipitation, River Water, State Water Project (imported from the SacramentoSan Joaquin Delta), and Pumped Groundwater.
Pumped groundwater is not considered in this analysis because it is not a net source of water to the groundwater budget. Irrigation return flow of pumped groundwater contributes to groundwater recharge at or near the location of groundwater extraction, and as such, it does not alter the spatial pattern of recharge sources. Recharge of locally pumped groundwater will affect how a shift in water sources
propagates into the groundwater system, for example, by diluting the effect of river water irrigation, but it is not considered as a distinct source of recharge in the analysis that follows.
Quantification of the importance of river water was based on a 
To evaluate the uncertainty of the proportions of river water recharge and local precipitation recharge, the standard deviation of the groundwater mean and the endmember values was propagated. (Figure 2 ), in the absence of available isotope signatures in local precipitation. We combined the data from Ingraham and Taylor (1991) , Lechler and Niemi (2012) , and Singleton and Moran (2010) reporting data from shallow wells and small streams, to calculate the slope of the topographic fractionation effect. In contrast to the large rivers discussed below, we assume that the capture area of these wells and streams is close to the sample elevation. We find that the slope of the topographic fractionation effect is −1.7 ± 0.15‰ km −1 with an intercept at sea level of −8.2 ± 0.23‰ for δ 18 O, and the slope of the topographic fractionation effect is −12 ± 1.1‰ km −1 with an intercept at sea level of −60.0 ± 1.7‰ for δ 2 H. This intercept is used as the signature of local precipitation in this study. The slope for δ
18
O is similar to the one obtained by Rose, Lee Davisson, and Criss (1996) for spring recharge in Northern California (−2.1‰ km −1 ) and smaller than the slopes obtained by Lechler and Niemi (2012) Although the topographic effect is consistent across study areas, the variation in derived values for the slope illustrates local meteorological effects that play a role in isotopic fractionation of precipitation.
The endmember signature of river water recharge was also obtained from a number of sources. Stable isotope data from major rivers are plotted at the mean watershed elevation of each river (Goulden & Bales, 2014; Lechler & Niemi, 2012) . Samples from the Merced and the Kings River were collected at 1,224-and 899-m elevation (Table 1 ) and only represent the higher elevations of these watersheds. These major rivers are not captured by the previously established trend line based on smaller streams and well data. The source area of the major rivers appears to be higher in elevation than the average river basin elevation. This discrepancy is caused by higher precipitation rates at higher elevations and higher evapotranspiration rates at lower elevations, resulting in disproportional high run-off generation between 2,500 and 3,000 m above mean sea level (Goulden et al., 2012) . To predict the river signature, a regression line was fitted through the river data and the signature at sea level (δ b Stable isotope signature in each river predicted by trend with elevation, as described in Section 3.1.
All groundwater data plot along a local water line with a slope of 7.1 ± 0.08 (R 2 = 0.97, p value < .001), intercepting the global meteoric precipitation signature is found in groundwater on the eastern side of the study area, in the foothills, between the Merced and San Joaquin Rivers and between the Kaweah and Kern Rivers, above irrigation canals and away from a natural river recharge source.
| Recharge mechanisms
Recharge from major rivers (Kings, Kern) is associated with noble gas recharge temperatures of less than 14°C. Especially low recharge temperatures (<12°C) are found along the Kern River near Bakersfield. ΔNe for river recharge is significantly higher (by more than 6%) than other recharge groups (p < .01).
The mean noble gas recharge temperature of local precipitation recharge is 18.7 ± 2.9°C, significantly (p < .001) higher than the mean annual temperature at the well locations by 1.4°C. The excess air ΔNe in local precipitation recharge also varies from 0% to over 200%, but the interquartile range is limited from 17% to 41%, corresponding to water table fluctuations of 1 to 2.4 m. Equilibration with carbonate minerals in the unsaturated zone is likely the cause of the low initial carbon-14 activities (Fontes & Garnier, 1979) .
| Recharge timescales
Carbon-14 in modern river water recharge ranges from 63 to 116
pmC. The seven premodern river recharge samples ( 
| Proportions of river water and local precipitation recharge
Based on the mean stable isotope signatures (Table 2) (Table 2) and agree within the propagated uncertainty (4%). To evaluate how these Table 2 ). Limiting the calculation to modern groundwater (samples with more than 1 pCi/L tritium), we find that the proportions (47 ± 4% LPR vs. 53 ± 4% RWR) are similar to the proportions in the entire Priority Basin data set. The interconnections between the groundwater and surface water systems, impacted by agricultural diversions, result in an isotopic signature that is similar to complete mixing between the two sources, with a slight preference for discharging local precipitation over river water. the geothermal gradient in a thick unsaturated zone (Manning et al., 2015) . Noble gas signatures of mixed source recharge are in between river water recharge and local precipitation recharge in every respect.
Mixed source signatures are either the result of mixing of water sources within the groundwater system or during pumping or, less likely, application of river water for irrigation in areas where local precipitation recharge is still a significant source. Recharge of river water occurs below mean annual temperatures with larger water table fluctuations than other recharge mechanisms. Noble gas recharge temperatures below the mean annual air temperature are the result of rapid, preferential recharge of cold snowmelt during the cooler spring season (Hall et al., 2005) . The cold signature and high excess air indicating fast recharge over short timescales are evidence that surface storage in rivers is limited in time and volume, consistent with global estimates of river water ages (Jasechko, Kirchner, Welker, & McDonnell, 2016) and that infiltration takes place fast enough to preserve a recharge temperature lower than the mean annual air temperature.
The choice of the UA model may have introduced a bias towards colder estimated recharge temperatures when compared with Closed
Equilibrium or Partial Re-equilibration models. Previous studies (Cey et al., 2008; Visser et al., 2014) found that the UA model tends Modern samples (n = 217) −10.3 ± 0.1 −76.1 ± 0.8 46 ± 4 48 ± 4 54 ± 4 52 ± 4
San Joaquin at Vernalis (n = 14) −10.6 ± 0.2 −79.4 ± 1.3 54 ± 6 58 ± 6 46 ± 6 58 ± 6
to predict lower recharge temperatures, up to 2°C, compared with Closed Equilibrium or Partial Re-equilibration models. Although it is possible to infer from interpretation of the whole array of noble gases that excess air model is statistically most probable, it is difficult to evaluate which model is most appropriate in each case, given the range of recharge conditions in the study area (rapid recharge from surface water vs. diffuse slower recharge). In any case, the differences in noble gas recharge temperatures between the river water recharge and local precipitation recharge are much larger than the potential bias and the observed patterns can be attributed to actual differences in recharge mechanism.
A large range of noble gas recharge temperatures (σ = 3.1°C) is with river water also impacts air temperatures through the irrigation cooling effect (Kueppers, Snyder, & Sloan, 2007) , the height of the planetary boundary layer (Gilbert, Maxwell, & Gochis, 2017) , and precipitation patterns (Yang et al., 2017) . Local precipitation comprises 55 ± 4% of modern groundwater in the San Joaquin Valley. Although it is still the majority of recharge in modern groundwater, it is no longer the dominant form of recharge as it was to premodern groundwater (74%). The premodern ratio between precipitation recharge (74 ± 7%) and river recharge (26 ± 7%) agrees with the predevelopment water budget estimates of recharge from precipitation (referred to as "Central Valley Surface
Processes" in Faunt; 75%) and surface water losses to groundwater (25%) for the entire Central Valley (Faunt, 2009 ).
Estimates of the proportion of river recharge based on isotopic evidence presented in this study confirm that rivers draining mountain ranges, also referred to as mountain front recharge or mountain system recharge, are an important component in the water balance of highly productive agricultural regions like the Central Valley (Meixner et al., 2016) . The global estimate that groundwater meets 43% of irrigation water demand (Siebert et al., 2010) does not take into consideration the source of recharge to groundwater systems, which is critically important in evaluating sustainability.
Considering the change in the proportion of river water in premodern samples (26 ± 4%) to that in modern samples (47 ± 4%), the importance of river water has nearly doubled. Irrigation return flow with redistributed river water likely caused the increase of river water recharge. If the rate of local precipitation recharge has remained constant, the decrease in the proportion of local precipitation recharge from 74 ± 7% to 53 ± 4% requires an additional 2.4 km 3 /year of river water recharge to increase the total net recharge rate by 40%. In effect, the transport of water via the river system to discharge areas (wetlands, an inland lake, and the Pacific Ocean) is slowed down as a greater proportion of river water resides in the subsurface for extended time periods.
| CONCLUSIONS
The importance of river water recharge to San Joaquin Valley groundwater has nearly doubled due to enhanced river water recharge through managed aquifer recharge and, more significantly, through irrigation return flows. At present, river water recharge is an important mechanism of groundwater replenishment. Although river water recharge has increased, it has not been able to keep up with increased discharge by pumping, resulting in overdraft and significant, long-term groundwater level declines (Scanlon et al., 2012) . This highlights the importance of Sierra Nevada rivers to meet the demand for water in California and for irrigation in the Central Valley in particular. Loss of snowpack in the Sierra Nevada (Fengpeng, Alex, Marla, Daniel, & Neil, 2016) under future climate scenarios and earlier snowmelt prior to peak evapotranspiration demand by agricultural crops necessitate a larger capacity for managed aquifer recharge and conjunctive use (Scanlon, Reedy, Faunt, Pool, & Uhlman, 2016) such as groundwater banking on agricultural lands (Kocis & Dahlke, 2017; O'Geen et al., 2015) . 
